Abstract-Very high resolution images can be achieved in small animal PET systems utilizing solid state silicon pad detectors. In such systems with sub-millimeter intrinsic resolutions, the range of the positron is becoming the dominant contribution to image blur. The size of the positron range effect depends on the initial positron energy and hence the radioactive tracer used. For higher energy positron emitters, such as 68 Ga and 94m Tc which are gaining importance in small animal studies, the width of the annihilation point distribution dominates the spatial resolution. This positron range effect can be reduced by embedding the field of view of the PET scanner in a strong magnetic field. In order to confirm this effect experimentally we have developed a high resolution PET instrument based on silicon pad detectors that can operate in a 7 T magnetic field. In this paper we present the preliminary results of a study of the effects of magnetic fields up to 7 T on PET image resolution for 22 Na and 68 Ga point sources.
I. INTRODUCTION
ositron emission tomography is based on the simultaneous detection of two 511 keV photons produced when a positron emitted by a suitable radionuclide annihilates with an electron. In previous work [1, 2, 3] we have demonstrated that the resolution of conventional scintillator based small animal PET systems can be improved by using solid state silicon detectors. Using detectors which have intrinsic resolutions in the sub-millimeter regime, the largest contribution to image blur at least for some radioisotopes is due to the range of the positron in the tissue before it annihilates. The size of this effect depends on the initial energy of the positron. For higher energy positron emitters, such as 124 I and 94m Tc, variations in the position of the annihilation point dominate the resolution.
It has been suggested by Raylman, Hammer, and Christensen to embed the field of view of a PET scanner in a strong magnetic field [4] . The Lorentz force will cause the positrons to spiral in the plane transverse to the applied magnetic field. Although the total distance traveled by the positron will be unchanged, the effective range (or the displacement between the emission and annihilation points) will be reduced due to the helical motion of the positron. For example, the rms range for 68 Ga (1899 keV maximum positron energy) is reduced from 1.7 mm in the absence of a magnetic field down to 0.6 mm in a plane transverse to a 7 T magnetic field.
II. PREVIOUS RESULTS (NO MAGNETIC FIELD)
Fig. 1 depicts the experimental set-up previously used to demonstrate the high resolution capability of our silicon based small animal PET system [1, 2] . The set-up includes two 512 pad silicon detectors. Each pad is 1mm thick by 1.4 mm x 1.4 mm in area. The two silicon pad detectors were positioned edgewise to a collimated 1 mm thick source plane surrounded by tungsten and lead shielding. A motorized turntable was used to rotate the source to various angles in order to simulate a full detector ring. A laser was used to align the two silicon detectors to the collimated source plane. Fig. 1 . Experimental set-up of the very high resolution small animal PET test bench. Two silicon detectors are positioned edgewise to a 1 mm source plane. The source plane is surrounded by tungsten and lead shielding. An electric turntable is used to rotate the source in order to simulate an entire detector ring. A laser was used to align the two silicon detectors to the 1 mm thick source plane.
The intrinsic spatial resolution of the system was measured using a collimated 18 F liquid line source. The 18 F source was contained in the tip of a steel syringe with an inner diameter of 0.254 mm. The intrinsic spatial resolution was measured to be 0.7 mm FWHM in the center of the field of view. The reconstructed image was created using a maximum likelihood maximization expectation reconstruction algorithm (ML-EM). of line sources is separated by 0.4 mm. In each pair the two points are clearly discernable, thus demonstrating the submillimeter resolution of the system throughout the field of view. 
III. SIMULATIONS
Several studies have been performed on the range of the positron in a variety of materials for radioisotopes commonly used in PET [4] - [7] . Table I compares our EGS4 simulation results to both Levin and Hoffman's study and Sanchez, Andreo, and Larsson's study of the positron's range in water in the absence of a magnetic field [6] [7] . The values listed in the Table I are calculated from the projection of the three dimensional positron annihilation positions onto a single axis. Due to the cusp like distribution and the associated tails of the projected annihilation points the FWTM, in addition to the FWHM, is an important quantity to consider (see Fig. 6 ). This is especially true when dealing with higher energy positron emitters. It can be seen from the table that even for the low energy positron emitter 18 F the FWTM projected range exceeds the resolution of our system.
In order to achieve improved spatial resolution a magnetic field can be applied to constrain the effective positron range. An EGS4 simulation was performed to study the effect of strong magnetic fields on the range of positrons in water. The effect of the magnetic field on the positron annihilation positions is especially impressive for higher energy radioisotopes such as 68 Ga (1899 keV maximum positron energy). In our EGS4 simulation a positron emitting point source was located at the origin. Each simulated positron was emitted in a random direction and with a random energy consistent with the positron kinetic energy spectrum of the radioisotope under study. The positrons were tracked through the material until an annihilation event occurred. The scatter plots shown in Table I . Positron range for various positron emitters from three separate simulations. The Levin and Hoffman results with an asterisk were found using a linear approximation to scale the data taking into account the maximum positron energy. As expected, the variations in the annihilation points are reduced in the plane transverse to the applied magnetic field. Likewise, the projection into the x-z plane shows a reduction in the positron range in the x-direction, but no improvement in the z-direction (the direction of the applied magnetic field). In addition to water, EGS4 simulations have also been carried out in lung tissue. The reduction of the positron range in the direction transverse to the applied magnetic field in lung tissue is substantial even for low energy positron emitters such as 18 F (635 keV maximum positron energy). Fig. 7 is a scatter plot of the positron annihilation positions of a 18 F point source embedded in lung tissue with no magnetic field. Fig. 8 shows the same source but with a 7 T magnetic field oriented perpendicular to the plane. The root mean squared range for the annihilation points decreases from 1.2 mm to 0.3 mm after the 7 T magnetic field has been applied. EGS4 is also used to track the annihilation photon until they interact in the silicon in order to determine the expected final resolution of our system for various sources and source distributions. In the simulation the two annihilation photons are followed from the positron-electron annihilation point to Compton scattering positions in the silicon. Photon acollinearity is included in the simulations. In the event that the two emitted 511 keV photons both interact with the silicon detectors, depositing a portion of their energy in the silicon in the process, the position of the Compton scattering events and the energy of the recoil electrons in both detectors are recorded. These positions are then used to determine in which pads of the detectors the scattering events occurred. This coincidence data is used to create the reconstructed simulated images and their corresponding projections. The projections of the real and simulated images are compared in the following section.
IV. EXPERIMENTAL SETUP
The small animal PET test bench described in section II has been redesigned with non-magnetic components (Fig. 8) . The electric motor of the turntable has been replaced with a pneumatic drive mechanism that allows us to rotate the positron source remotely when the device is placed inside the magnet. The entire test bench can be tipped into three perpendicular orientations in order to collect data in various orientations relative to the applied magnetic field. This nonmagnetic small animal PET test bench was inserted into the Ohio State University Medical School's large-bore 7 T MRI magnet shown in Fig. 9 . Fig. 8 . Experimental set-up of the non-magnetic very high resolution small animal PET test bench. Two silicon detectors are positioned edgewise creating a 1 mm source plane. A turntable controlled by a pneumatic drive is used to rotate the source in order to simulate an entire detector ring. A laser was used to align the two silicon detectors to the 1 mm thick source plane.
V. RESULTS
The following sub-sections describe our results for both 22 Na and 68 Ga at 0 T and in a 7 T magnetic field directed transverse to the plane of the reconstructed images. The images were reconstructed using an ML-EM algorithm, and the results are compared to EGS4 simulations.
A. 22 Na Experimental Results
Fig. 10 displays reconstructed images for a 0.25 mm diameter 22 Na point source (525 keV maximum positron energy) in water equivalent plastic of density 1.08 g/cm 3 . The image on the left was taken in the absence of a magnetic field, while the image on the right is the same source in a 7 T magnetic field directed transverse to the image plane. The FWTM for the real data decreased from 2.0 mm at 0 T to 1.7 mm at 7 T. While the FWTM for the simulated data decreased from 1.7 mm to 1.5 mm after the application of a magnetic field. 
B. 68 Ga Experimental Results
Fig . 12 shows the ML-EM reconstructed images of a 1.0 mm 68 Ga point source in water equivalent plastic for both 0 T and 7 T, respectively. The projections of the images onto the x-axis are shown in Fig. 13 . The FWHM decreased from 2.4 mm at 0 T to 1.6 mm FWHM in a 7 T field directed perpendicular to the image plane. This is in agreement with the simulations. The FWTM for the real data decreased from 5.9 mm to 3.1 mm which compares well with the expected valued from our simulations. We observe a small discrepancy for the largest positron ranges in the 0 T data and the simulation which we are currently investigating. Right: ML-EM reconstructed image of a 1.0 mm diameter 68 Ga point source embedded in water equivalent plastic in a 7 T magnetic field directed transverse to the plane of the image. Besides the resolution of single point sources another important quantity for a medical imaging device is the two point resolution. Data was collected for two 1.0 mm diameter 68 Ga point sources separated by 3.6 mm from their centers in order to demonstrate that the overlapping tails of the positron range distribution can significantly degrade the two point resolution. The source on the left in Fig. 14 possesses one tenth of the activity of the source on the right. Note that for the 0 T measurement the lower activity 68 Ga source cannot be resolved; however, at 7 T the two sources are easily distinguished. The x-projections in Fig. 15 display the excellent agreement between the real and the simulated data. 
VI. METHOD FOR REDUCING EFFECTS OF POSITRON RANGE IN THREE DIMENSIONS
The results from the previous section demonstrate that a strong magnetic field can be used to improve the resolution by reducing the range of the positron in directions transverse to the magnetic field; however, it does not alter the momentum of the positron in the direction parallel to the magnetic field vector (see Fig. 5 ). The point spread functions resulting from this static magnetic confinement may actually exhibit worse imaging performance than using no confinement at all. To visualize this, refer to the projections of the simulated positron annihilation positions for 68 Ga shown in Fig. [3] - [5] . Fig. 3 is a planar projection of the positron annihilation points in the absence of a magnetic field. It has a sharp central peak and broad, diffuse tails that tend to average any out-of-plane structures resulting in an additional background "haze" in the slice being viewed.
The projections of the positron annihilation points in two orthogonal planes are shown in Fig.  4 and Fig. 5 for a magnetic field oriented in the z direction. If one is viewing the image in the plane transverse to the magnetic field (Fig. 4) then the resolution of in-plane structures will obviously be much better than with no magnetic field. However, notice the sharpness of the tails in the direction parallel to the magnetic field (Fig. 5) . Rather than a diffuse background, these sharp tails will generate artifacts in the slice being viewed from structures in adjacent planes. In short, while positron range will be reduced and images will exhibit improved spatial resolution, artifacts will be worse than with no magnetic field.
The artifacts caused by the sharp tails of the point spread function in the direction parallel to the magnetic field can be reduced by collecting data at multiple orientations relative to the magnetic field vector. This data can then be reconstructed with an ML-EM algorithm that correctly takes into account the various magnetic field orientations. In order to test this proposal a micro-Jaszczak resolution phantom filled with 124 I has been simulated. The intrinsic resolution of the PET scanner used in the simulation is 0.7 mm FWHM (the resolution of our small animal PET test bench). Fig. 16 is the ML-EM reconstructed image for no magnetic field. Note that the 1.6 mm rods located in the two o'clock position cannot be resolved. Fig. 17 is the same phantom but with a 9 T field directed perpendicular to the image plane. The 1.6 mm rods are easily resolved in this transverse orientation to the magnetic field vector. In Fig. 18 a 9 T magnetic field is directed to the right and toward the top of the page for the two images, respectively. For both orientations of the magnetic field the 1.6 mm rods cannot be fully resolved. The data used to reconstruct the images in Fig. 18 can be combined and reconstructed using an ML-EM algorithm that takes into account the two separate magnetic field directions (Fig. 19) . The improvement in resolution can be seen for the 1.6 mm rods. This technique can be used to reduce the artifacts caused by off-plane positron emitting sources.
Our non-magnetic small animal PET test bench can be rotated into three perpendicular planes and will be used to quantify this image reconstruction technique. ML-EM reconstructed PET images for simulated data corresponding to micro-Jaszczak resolution phantom filled with 124 I in the absence of a magnet field. There are one million detected events. The intrinsic resolution of the PET scanner in the simulations is 0.7 FWHM. ML-EM reconstructed PET images for simulated data corresponding to micro-Jaszczak resolution phantom filled with 124 I in 9 T magnet field directed transverse to the plane of the image. Artifacts due to out of plane photons do not exist due to the ideal cylindrical symmetry of the phantom. Fig. 18 .
ML-EM reconstructed PET images for simulated data corresponding to micro-Jaszczak resolution phantom filled with 124 I in 9 T magnet field directed to the right in the left most image, and towards the top of the page in the right most image. The 1.6 mm rods are not fully resolved in either image. 
VII. FUTURE WORK
We will continue to collect data for various positron emitting isotopes of interest to the medical community at both 0 T and 7 T in increasingly complex source distributions. The experimental small animal test bench will be rotated in various orientations relative to the magnetic field in order to quantify the technique to reduce the effect of the positron range in three dimensions.
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